Flow-induced forces on two identical nearby spheres at Re= 300 were numerically studied. We consider all possible arrangements of the two spheres in terms of the distance between the spheres and the angle inclined with respect to the main flow direction. It turns out that significant changes in the characteristics of vortex shedding are noticed depending on how the two spheres are positioned, resulting in quantitative changes of force coefficients on both spheres. Collecting all the numerical results obtained, we present the diagrams for the force coefficients on the distance versus angle plane for each of the two spheres. The perfect geometrical symmetry implied in the flow configuration allows one to use those diagrams to estimate flow-induced forces on two identical spheres arbitrarily positioned in physical space with respect to the main flow direction.
Interaction of wake flows behind blunt bodies has been of particular interest from the viewpoint of flow control, because by utilizing an effective interaction, one can obtain optimal flow-induced forces on the bodies. 1 For example, controlling flow-induced forces is very important in reducing noise or vibration of nearby structures.
2 Estimating or modeling flow-induced forces on particles is also essential in computing particle-laden flows, 3 because particles present there distort the flow field significantly, altering flow-induced forces on themselves.
Interaction of the wakes of two identical nearby spheres would be a basic model for interaction of "threedimensional" wakes. There are quite a few experimental [4] [5] [6] [7] and numerical 8, 9 studies on this topic found in the literature. They indicate that drag forces acting on the spheres are dependent on not only the distance between the spheres but also how they are positioned with respect to the main flow direction. In particular, two specific sphere positions had been considered, namely spheres placed side-by-side 6, 8, 9 or spheres placed in tandem. 5, 6, 9 Chen and Wu 7 carried out an experimental study on steady flows past two spheres arbitrarily positioned in a freestream, focusing on drag forces. Most of the previous studies were carried out for low Reynolds-number flow ͑Reഛ 250, based on the freestream velocity U and the diameter of the spheres d͒ where vortex shedding does not occur. [5] [6] [7] [8] Even though there have been some investigations conducted for interaction of turbulent wakes, 4 flow-induced forces resulting from wake interaction with laminar vortex shedding have been rarely studied.
In this paper, flow-induced forces on two identical spheres that are relatively close to each other but arbitrarily positioned, including the aligned positions ͑side-by-side or in tandem͒, are numerically investigated at Re= 300. Due to the geometrical symmetry of the spheres, any flow configuration with the two nearby spheres can be completely described by the inclination angle ͑͒ of the center line with respect to the main flow direction, and the surface-to-surface distance ͑l͒ between the two spheres along the center line. The circumferential angle ͓␥ in Fig. 1͑a͔͒ is not necessary in describing the position of the two spheres, because we can rotate the coordinate axes so that the x-y plane can be the center plane ͓Fig. 1͑b͔͒. In this procedure, the flow field is not altered due to the geometrical symmetry. Furthermore, it is sufficient to consider only the limited range of ͑0°ഛ ഛ 90°͒ due to the symmetry. Any other case in which is out of this range always corresponds to one of the cases in which belongs to the range. For example, the case with = 300°corresponds to one with = 60°. Even for 90°Ͻ Ͻ 270°, it is possible to find the counterpart in the range by interchanging the roles of the main sphere ͑MS͒ and the surrounding sphere ͑SS͒. Therefore, this flow configuration enables us to predict flowinduced forces resulting from all the possible interactions of the "three-dimensional" wakes by investigating only a limited number of cases with proper parameter values; this is the most significant advantage of the current flow configuration over any other wake-interaction model.
The main objective of the current investigation is to establish a "map" that can be used to estimate flow-induced forces on two identical arbitrarily positioned nearby spheres; the Reynolds number is fixed at a typical value for laminar vortex shedding ͑Re= 300͒. This has never been attempted before; only the spheres aligned side-by-side or in tandem have been considered by the previous authors.
The current investigation requires a parametric study in which numerous numerical simulations are to be performed with various values of and l. This kind of parametric study demands considerable computing resources; the computing efforts can be significantly reduced by employing an immersed boundary method 10, 11 that facilitates implementing the solid surfaces of the arbitrarily positioned spheres on a Cartesian grid system. The governing equations for three-dimensional incompressible flow, modified for the immersed boundary method, are as follows: 
where u i ͑or u, v, w͒, p, q, and f i represent velocity components in the x i ͑or x, y, z͒ direction, pressure, mass source/ sink, and momentum forcing, respectively. All of the physical variables were nondimensionalized by U and d. The governing equations were discretized using a finite-volume method in a nonuniform staggered Cartesian grid system. Spatial discretization is second-order accurate. A hybrid scheme was used for time advancement; nonlinear terms were explicitly advanced by a third-order Runge-Kutta scheme, and the other terms were implicitly advanced by the Crank-Nicolson method. A fractional step method 12 was employed to decouple the continuity and momentum equations. The Poisson equation resulting from the second stage of the fractional step method was solved by a multigrid method. For a detailed description of the numerical method used in the current investigation, see Yang and Ferziger. 13 A no-slip condition was imposed on the sphere surfaces; a Dirichlet boundary condition ͑u = U , v =0,w =0͒ was used on the inlet boundary of the computational domain, while a convective boundary condition 14 was employed at the outlet. A slip boundary condition was imposed on each of the other boundaries; ‫ץ‬u / ‫ץ‬z =0, ‫ץ‬v / ‫ץ‬z =0, w = 0 on the front and rear faces, and ‫ץ‬u / ‫ץ‬y =0, v =0, ‫ץ‬w / ‫ץ‬y = 0 on the upper and lower faces. The computational domain is defined as −15d ഛ x ഛ 15d + ͑d + l͒cos , −15d ഛ y ഛ 15d + ͑d + l͒sin , and −15d ഛ z ഛ 15d. The maximum number of cells in the x, y, and z directions is 320ϫ 240ϫ 160. It has been verified that the size of the computational domain and the grid resolution have a small effect on the drag and lift coefficients.
To verify our numerical methodology and resolution, flow past a single sphere for Re= 300 was computed and compared with the results of other authors. Our numerical solution turned out to be unsteady planar-symmetric as expected. Table I presents the mean drag coefficient ͑C d ͒, mean lift coefficient ͑C l ͒, and Strouhal number ͑St͒ in numerical simulations using a body-fitted grid system, 15-17 numerical simulation using an immersed boundary method, 10 and the current one with 224ϫ 160ϫ 160 cells. The present results are in excellent agreement with those of other authors, verifying that the numerical scheme and resolution used in the present simulation are adequate and reliable.
Next, simulations of flow past two identical nearby spheres were carried out with various values of l / d and for Re= 300. Collecting all the results ͑49 cases in total͒, one can construct the diagrams ͑Figs. 2 and 3͒ that can be used to estimate the mean drag and lift coefficients, respectively, on each sphere depending on l / d and . The dots denote the actually computed cases in this study. Owing to the geometrical symmetry of the two spheres, and by properly set- ting up the coordinate system such that the x-y plane with z = 0 represents the center x-y plane ͓Fig. 1͑b͔͒, any possible position of the two spheres with respect to the freestream direction corresponds to a point in the C d or C l diagram with the ranges of l / d Ͼ 0 and 0°ഛ ഛ 90°. It should also be noted that such C d , C l diagrams must be constructed for MS and for SS, separately. When the two spheres are placed in tandem ͑ =0°͒, there exists the "optimum" value of l / d for which C d of MS becomes the minimum ͓Fig. 2͑a͔͒. It should be noted that C d of MS increases as the suppression of the vortex shedding in the wake of MS becomes weak with an increased distance ͑l / d = 3.0͒. This is consistent with the drag-control mechanism by using a detached splitter plate.
1 On the other hand, C d of SS monotonically increases toward the value of the single sphere at the same Re ͓Fig. 2͑b͔͒. The present results on the mean drag coefficients for MS and SS are consistent with the previous experimental 5-7 and numerical 9 results for steady flows past two spheres aligned in tandem. Zhu et al. 5 also found that there exists the optimum value of l / d where the drag coefficient for MS reaches the minimum value in their experiments with ReϽ 150.
Side-by-side arrangement ͑ =90°͒ of the spheres with respect to the freestream would be of particular interest, because MS and SS are not distinguishable due to the perfect geometrical symmetry. The wake interaction occurs in a symmetrically synchronized pattern except for l / d = 0.3. Figure 4 shows distributions of averaged pressure coefficient ͑C p ͒ along the sphere surface on the center x-y plane for MS ͓Fig. 4͑a͔͒ and SS ͓Fig. 4͑b͔͒, respectively, for l / d = 0.3; the corresponding C p distribution for the single sphere is also presented. For MS ͓Fig. 4͑a͔͒, value of C p along T is significantly larger than that along B for Ͻ 90°, where represents both T and B ; the opposite is the case for SS ͓Fig. 4͑b͔͒. Therefore, the mutually repelling lift forces are noticed. It is also found that pressure values on the upstream parts of MS and SS are higher than that of the single sphere on the average, resulting in larger drag forces than that of the single sphere as seen in Table I and Fig. 2͑a͒ . Finally, one can notice that the pressure value on the downstream part of SS ͑90°Ͻ ഛ 180°͒ is somewhat lower than that of MS on the average. This accounts for the slightly higher drag force on SS as seen in Fig. 2͑b͒ . The existence of flow asymmetry in a certain range of small l was also reported by Schouveiler et al. 18 In the range of 45°Ͻ Ͻ 90°, mean drag on MS drastically increases as SS is located closer to MS ͓l / d Ͻ 0.5; see and 75°for MS ͓Fig. 3͑a͔͒, and between = 45°and 60°for SS ͓Fig. 3͑b͔͒. This is due to the change of the vortexshedding angle ͑with respect to the direction of the main stream͒ in these particular ranges of .
The diagrams are useful in estimating the forces induced by the flow past two identical arbitrarily positioned nearby spheres, which is a basic model of many engineering flows. This work was supported by UVRC, Korea.
